Abstract This paper describes an enormous flood
INTRODUCTION
Floods must be included among the natural extremes which often cause loss of human life and great material damage. The flood plains of rivers naturally attract housebuilding, while their intense utilization for various economic activities enhances the potential for high volumes of damage. Knowledge of the frequency, seasonality, synoptic causes and extent of such floods is, therefore, of principal importance from the point of view of saving human lives and reducing material losses. Some essential knowledge may be obtained from the study of the character of floods, based on hydrological measurements of the flow characteristics of rivers, i.e. water stage and discharge. However, systematic hydrological measurements often cover only relatively short time spans of several decades and, only exceptionally, one to two centuries. To obtain information about disastrous floods from the periods preceding these, it becomes necessary to work either with historical documentary sources (see Brázdil et al ., 2005) , or with natural data derived from the imprints of flood activity remaining in the landscape (palaeofloods -see e.g. Baker, 2003; Benito, 2003; Benito et al., 2004) .
The territory of Bohemia (western part of the Czech Republic) belongs mainly to the watershed of the River Elbe (51 394 km 2 ). The River Vltava is its most important tributary (28 090 km 2 , i.e. 54.7% of the Elbe catchment within the Czech Republic), followed by the Oh e (5618 km 2 ). The Berounka (8861 km 2 ), the Sázava (4349 km 2 ), the Lužnice (4226 km 2 ) and the Otava (3788 km 2 ) are the most significant tributaries of the Vltava (Fig. 1) .
Floods are the most destructive natural extreme to strike the Czech Republic. The greatest damage occurs in densely urbanized regions, including Bohemia, mainly the territory around the Vltava in the Prague agglomeration, in a similar fashion to that in several other places on the water courses of the Vltava and the Elbe. In Bohemia, the flood of August 2002 was particularly tragic, taking 19 lives and inflicting material losses that reached around 73 billion Czech crowns (approx. US$3.5 10 9 ). Some 986 communities in 43 districts were affected, with 98 communities being completely flooded. Thousands of people, particularly in Prague, had to be evacuated. In many places, this flood exceeded all known cases in the period of instrumental observations and, according to the peak discharges of the River Vltava at Prague, it corresponded to a return period of 500 years (Ministerstvo životního prost edí R, 2003; Hladný et al., 2004 Hladný et al., , 2005 . On the other hand, of the floods known from documentary sources, the event of July 1432 is particularly worthy of mention, since it is considered to be the greatest documented flood in the pre-instrumental period.
The object of the present paper is a comparison between the disastrous floods of July 1432 and August 2002 in a broader context. The following section gives a short overview of hydrological measurements in Bohemia and of documentary sources on floods. The courses of the two disastrous floods are then described in further sections. The final section compares the two floods with one another and evaluates them in the context of other large floods in Bohemia and in Central Europe as a whole.
DOCUMENTARY AND INSTRUMENTAL DATA ON FLOODS
Information about historical floods in the Czech Lands may be obtained from the following types of sources (for their specific characteristics see Brázdil et al., 2005) : narrative sources (such as chronicles and annals), visual daily weather records, personal correspondence, special prints, official economic records, newspapers, picture documentation, shopkeepers' and market songs, early scientific papers and communications, epigraphic records, and early hydrological measurements. One of the oldest reports concerning a flood in the Czech Lands, based on documentary sources, is connected with what are known as the St Wenceslas legends. A flood plays an important role in the tale of the transport of St Wenceslas' murdered body from Mladá Boleslav to Prague on the night of 3-4 March 938. However, a detailed analysis of accessible sources has shown that the flood probably took place later (evidently at the end of winter of 987/988), and the monk Kristián, one of the authors of the legend, witnessed it in Prague and projected his report of it to embroider his story (Brázdil et al., 2005) . Given this situation, the oldest credible report of a flood in Bohemia is contained in information given by the chronicler Kosmas, describing a flood of the Vltava in Prague in September 1118 (Kosmas in Bretholz, 1923, p. 219 Chvojka & Skála, 1982] above the bridge."
The reader is referred to information from historical documentary sources about floods prior to the year 1825, when the city administration of Prague built the first water-gauge station in the profile of the Old Town weir on the River Vltava (Novotný, 1963) . During the following decades, the gauging location of measurements at Prague changed several times but complete series of discharges are available for the period 1825-2005. On the Elbe, systematic hydrological observations began in 1851 at watergauge stations at M lník, Litom ice, Ústí nad Labem and D ín, but a continuous series of discharges up to the recent time only exists for D ín.
In the evaluation of the intensity of floods for the period of instrumental measurements, the values of their maximum culmination discharges Q k are employed. These values are compared with the calculated discharge Q N with a return period of N years. Thus, if the value Q 50 = 560 m 3 s -1 , it means that Q k reaches or exceeds a discharge of 560 m 3 s -1 on average once in 50 years.
THE AUGUST 2002 FLOOD IN BOHEMIA
The rise of the disastrous flood in Bohemia in August 2002 was connected with two extraordinary periods of precipitation. The first period of heavy rains was on 6-7 August, affecting mainly southern Bohemia. It was continuous, and in places torrential -precipitation connected with a pressure low over the Alps, which had formed on 5 August over the western Mediterranean. On 6 August, the region of lower air pressure persisted in the surface pressure field over the Czech Republic, shifting on the following day to the Balkans. On 7 August, airflow from the northern quadrant occurred, during which, in southern and southwestern Bohemia, an important role was played by orographic intensification of the precipitation (for example, the Pohorská Ves station in the Novohradské hory [Mountains] , at 750 m a.s.l., measured 180.5 mm of precipitation on this day). The first precipitation wave resulted in extraordinary floods on the Malše and other water courses in the southern part of Bohemia on 8 August, which corresponded to Q 500-1000 at some hydrological stations. The high precipitation resulted in a rapid increase in saturation of the Vltava watershed. Heavy rainfall of a continuous character in the second precipitation period, 11-13 August, was connected with a relatively deep cyclone (value at centre slightly below 1000 hPa), which proceeded slowly from central Italy (11 August) over Austria and Bohemia (12 August) to eastern Germany (13 August) along the well-known van Bebber trajectory Vb ("Zugstrasse Vb"), but somewhat more to the west and almost directly northwards (Fig. 2) . From Germany it turned rapidly east towards the Ukraine. On 11 August, continuous precipitation affected the whole of Bohemia with the greatest intensity around its southwestern half and the maximum in the southern tip of the territory (157.4 mm at the Slavkov station, 777 m a.s.l.). On the following day, 12 August, precipitation activity increased yet again over almost the whole southwestern half of Bohemia and also in the region of the Ore Mountains, where a record total of 312.0 mm was measured at the German Zinnwald station (882 m a.s.l.); at three stations in Bohemia the daily totals exceeded 200 mm. The intensification of the precipitation on 12 August, particularly in the watersheds of the Berounka and middle Vltava, contributed a decisive share to the size of the peak discharge on the Vltava in Prague. On 13 August, the precipitation activity started weakening from the southwest and its centre shifted to the region of the Jizerské hory and the Giant Mountains in northern Bohemia (176.5 mm at the Pomezní boudy station, 1050 m a.s.l.). On 14 August, precipitation in the territory of the Czech Republic almost ceased, except over the Moravian-Silesian Beskids. The distribution of the precipitation totals on 11-13 August indicates a specific concentration on the region of southern Bohemia, the Ore Mountains and the north of Bohemia (Fig. 3) . After the saturation of the catchment area by precipitation during the first period and after the river beds had filled following the second precipitation period, the water levels of the rivers rose swiftly, so that extraordinary peak discharges were achieved on 12-16 August in many Bohemian water courses (Fig. 4) Palacký, 1941, pp. 84-85; Staré letopisy eské (text CT1) in erná et al., 2003, p. 73) , which agree with and complement one another successfully, it is possible to reconstruct the overall hydrometeorological situation: From 23 April, a severe drought afflicted Bohemia. On top of this, a period of great heat set in on 23 June, so intense that people fainted in the fields and even died. The heatwave passed in the evening of 19 July. It then started raining and continued to do so incessantly until 22 July. The flood wave arrived at Prague towards the morning of 21 July and the water rose quickly, peaking towards the morning of the following day. After morning mass on 22 July, the water level started to fall, but the flood took a week to retreat (i.e. by 28 July). Many people and livestock drowned in the course of the flood. The material damage was extensive. Some houses were destroyed, others flooded. Mills and sheaves of grain lying in the fields were carried away by the flood, causing a lack of basic foodstuffs and rises in prices, particularly of bread. As a result of this, and the fact that the land was already exhausted after the extended Hussite wars, there was a great famine in Bohemia in the autumn of the same year, and in the following year (see Brázdil & Kotyza, 1995; ornej, 2000) . The stone bridge in Prague could not withstand the pressure of the water, augmented by the blocking of its arches with flotsam (particularly raft timber, the remains of houses, sheaves of grain, hay, and so on), and several arches collapsed completely.
Apart from estimation of direct damage, it is also important to establish the approximate level that the waters of the Vltava reached in Prague. The water flooded the Po í í Gate to the height of two people (about 3.2-3.4 m); it ran over the town walls (about 4 m); and it flooded the churches of the Old Town, namely those of Saints Giles, Castulus, Linhart, Andrew, Nicholas and of the Virgin Mary at the Pool, as well as the Bethlehem Chapel. Considerable parts of the Old Town of Prague, Po í í, Podskalí, the Špitálské Pole at Libe , and probably also a part of the Lesser Town, were flooded. Water ran through the streets like a river in the Ovocný trh [Market] . In the Old Town Square, people boated around the pillory. An unknown Prague chronicler (Chronicon Anonymi in Dobner, 1774, p. 60) states that the water reached into most streets, where it spread like a sea.
The information about the flooding of the church of St Castulus on Haštalské nám stí [Square] , situated on Vltava Terrace VIIb, is an indication of just how serious the situation was. Before the year 1432, and since, it had never been flooded, and/or the water never reached it . The Old Town Square is also situated relatively high up, but people boated around the pillory which, together with a gallows, stood in the centre of the square in July 1432. According to available written sources, only in August 1501 did the water reach the square and ice was twice carried there in February 1655.
The flood of July 1432 is also documented for the upper reaches of the Vltava in records kept by an unknown author for eský Krumlov, where it destroyed both bridges (Chronicon breve Bohemiae in Hor i ka, 1899, p. 466). According to another historical commentator (Staré letopisy eské in Palacký, 1941, pp. 84-85) the River Otava destroyed the balustrades and eroded the pillars of the bridge at Písek (Dlouhý, 1899 , even quoting the mark of this flood on the bridge) and the River Berounka caused damage at Beroun (Fig. 6) .
In the south of Bohemia, an unknown annalist (Chronicon Rosenbergicum in Emler, 1895 Emler, -1910 wrote that a destructive flood occurred not only in Bohemia, but also in Moravia, Austria and Hungary. This is confirmed by a report from Melk (Continuatio Mellicensis in Pertz, 1851, p. 525), which states that the only larger flood on the Danube than that in 1490 had taken place 58 years before, i.e. in 1432. At Ybbs an der Donau, another location on the Danube, the Upper Austrian version of the Vienna annals mentions that a flood increased steadily from 19 to 22 July (Lhotsky, 1952) .
The flood also affected the Elbe, as shown by the record of the chronicler Bartošek of Drahonice (Kronika Bartoška z Drahonic in Emler et al., 1893, p. 608) , who records "much lamentation" in Bohemia, Meissen, Dresden and elsewhere. From the Bohemian part of the Elbe, as well as the mark on Castle Rock at D ín (see below) a valuable testimony is preserved in a printed chronicle on Ústí nad Labem from 1611, by Johann Augustin Tichtenbaum (Tichtenbaum, 1611, p. 203) . According to this, it was possible to get halfway up the square by boat during this flood. However, it is not clear whether the chronicler based his report on a paper about the flood directly from Ústí nad Labem, lost to us today, or whether he was inspired by reports about the flood in Prague.
The annals of the Altzelle monastery (Annales Veterocellenses in Pertz, 1859, p. 47) for the year 1432 state that on 21 July the waters of the Elbe destroyed bridges in Meissen, Dresden and Prague, while the waters from the River Freiberger Mulde approached the courtyard of the monastery (today only ruins on the outskirts of the town of Nossen). In that area and surrounding countries, the water carried away many mills. The flood described here was dated erroneously to 1433 by the Thuringian chronicler Johann Rothe (in Mencke, 1728 Mencke, , p. 1820 , who also quoted Görlitz and Grimma among the places affected in Germany. The chroniclers of Görlitz state that the flood on the Lausitzer Neisse took place on the afternoon of 21 July following very heavy rains, which had started on the morning of 20 July and continued incessantly for a whole day and night until 21 July (Girgu & Strupczewski, 1965) . Pötzsch (1784) mentions a five-day flood in Saxony and damage at Pirna, Dresden, Meissen, Grimma and Rochlitz. At Wittenberg, according to a water mark that survives to this day on the former Elbe Gate, the water may well have reached a height of 3 ells 1 inch (1.78 m; 1 Saxonian ell = 58.4 cm, 1 inch = 2.36 cm). Another mark of this flood should have been recorded, according to Dlouhý (1899) , at Dessau, and a newly discovered mark also appears in Dresden-Kaditz (Kühne, 2005) .
The fact that the sources mentioned above recorded damage during floods on water courses other than the Elbe proper demonstrates that exceptional precipitation must have impacted not only on the watershed of the Vltava, but also on the Ore Mountains and perhaps the Jizerské hory and the Giant Mountains as well. Such a distribution of heavy precipitation is conspicuously reminiscent of the situation in August 2002, and, perhaps, the synoptic causes leading to it.
From the point of view of flood activity, the year 1432 really was quite extraordinary. As well as the July flood, a further two were recorded in Bohemia. The first occurred after a long, hard and snowy preceding winter (Gaudencius, s.a., fol. 2v), followed by a rapid snowmelt and movement of ice, which gave rise to extensive flooding between 9 and 22 March in Bohemia, of an order not remembered in the previous 40 or more years (Kronika Bartoška z Drahonic in Emler et al., 1893, p. 606; Staré letopisy eské (text CT1) in erná et al., 2003, p. 50) . The areal coverage of the March 1432 flood extended beyond Bohemia. According to Pötzsch (1784) , the water caused great damage in Meissen and Wittenberg, where a water mark with the date 12 March 1432 is preserved. In March, after a hard winter and subsequent heavy rains, the rivers at Ils-de France may well have flooded, the water together with floating ice causing great damage to property and green corn; this flood is calculated to have lasted until 4 April (Le Roy Ladurie, 2004) . At the beginning of spring, the Rhine was also in flood, and high water together with ice in Cologne destroyed all the boats at anchor, flooded the town including the monastery of St Severin, and in Monheim demolished all the mills (Cölner Jahrbücher in Cardauns & Schröder, 1876, p. 166) . In Nuremberg the River Pegnitz flooded all the surroundings, carried away almost all its bridges and stood more than an ell (about 0.62 m) above the bridge in the town (Chronik aus Kaiser Sigmunds Zeit in Hegel, 1862, p. 384) . In Germany this is considered the largest-ever flood on the Pegnitz in the past 1000 years (e.g. Glaser, 2001) . It is also mentioned for the Danube at the beginning of spring in the annals from the Bavarian monastery of Diessen (Notae Diesenses in Pertz, 1861, p. 327), when many towns and boroughs around the river were badly damaged. It is further recorded by a source for Ybbs an der Donau in Austria, where the event is dated between 29 February and 4 March (Lhotsky, 1952) . This dating also corresponds with the Niederalteich report, if one allows for erroneous dating to the year 1433 (Notae Altahenses in Pertz, 1861, p. 424 Emler et al., 1893, p. 609) . This flood was also of the winter synoptic type, although its detailed specification does not follow from the report.
DISASTROUS FLOODS IN BOHEMIA OVER THE PAST MILLENNIUM
Comparison of the two disastrous floods in Bohemia highlighted above is, of course, very difficult. In the absence of marks for the 1432 flood in Prague it is barely possible to employ the information on the flooding of the Old Town Square, since anti-flood measures installed in August 2002 (mobile walls) prevent the potentially flooded area of the Old Town of Prague being identified. Data about the rising water in the Lesser Town opposite bank are of only limited applicability, because the water level was raised by construction of barriers on the Old Town bank. Equally difficult is the comparison of reports from Ústí nad Labem, where in 1432 one could boat on the square, whereas in 2002 the flood reached only the margin of the main square. The epigraphic records from Prague and D ín are thus particularly important from the point of view of comparing disaster-level floods in Bohemia.
For many years, flood levels on the Vltava in Prague were recorded by reference to the stone relief of a bearded man, known as "Bradá ", originally located on a pillar of the former Judith Bridge, and later transferred to the right embankment wall of the Charles Bridge (Elleder, 2003) . As the maximum water level here was recorded during the August 2002 flood, it is possible to compare the largest historical floods with this recent disaster. From Fig. 7 it follows that the water level during the August 2002 flood exceeded, by about 60 cm, the significant floods of February 1784 and March 1845, for which there already exist peak discharges in Prague (see above). If the peak discharges during these floods exceeded Q 100 more markedly, then at the level of 100-year floods, the peak discharge of September 1890, as well as the historical floods of August 1501, March and August 1598, February 1655, June 1675 and February 1799, must be added. A number of further recorded floods during which the water level reached different levels on Bradá can also be linked to the event of March 1771 (when the water level was above Bradá 's bald spot). These could be calculated as floods with return periods of 10-50 years. Another one-hundred-year flood, that of February 1862, is missing from Fig. 7 , as is the flood of July 1432 mentioned above, which Müller & Kakos (2003) placed between the levels of the floods of August 2002 and February 1784. A further disastrous flood in Prague, at the turn of January and February 1342, during which the stone bridge across the Vltava was damaged (Chronicon Francisci Pragensis in Zachová, 1997, pp. 177-179) , cannot be exactly categorized either. The same also holds true for the flood of September 1118, documented by Canon Kosmas of Prague in the third book of his Chronica Boemorum (Kosmas in Bretholz, 1923, p. 219 -see above) . If the wooden bridge is assumed to have stood about 2 m above the level of the Vltava, this would constitute one of the highest floods in Prague in the past millennium. However, from all these facts, it remains possible to state categorically that, in the watershed of the Vltava and particularly in Prague, the flood of August 2002 was quite extraordinary on a scale of the last one thousand years.
A somewhat different sequence of largest floods to that in Prague is indicated for the River Elbe by the records on its right bank on Castle Rock at D ín, some of which are preserved today only as residuals (Fig. 8) . The oldest preserved mark in the original form can, considering the style of its Arabic numerals, be considered a signum to the year 1595, and all the newer marks, since that time, are original. In the analysis of marks and memorials to some of the earlier floods -1570, 1501, 1432 and 1118 -it has been found that they can all be considered credible, although in some cases they have been recut (for detail see Brázdil et al., 2005) . Given these circumstances, the mark of 1118 is the highest, i.e. that for the flood recorded by Kosmas in Prague. It is followed by water marks for floods in March 1845, August 2002, July 1432, February 1805 (due to an ice accumulation near D ín), February 1862, and others.
The sequence of the largest floods on the Vltava at Prague and that on the Elbe at D ín indicates differences in the contribution made by the section of the Elbe up to M lník (the confluence with the Vltava) to the occurrence of floods at D ín. Thus, Fig. 8 Castle Rock at D ín with flood water marks for the Elbe and survey according to height (data after Brázdil et al., 2005). before the large August flood, extreme precipitation had particularly affected the watershed of the Vltava, but relatively very little of the watershed of the Elbe up to M lník, with the exception of small areas in the Jizerské hory and the Giant Mountains. Such an uneven distribution of precipitation in Bohemia is quite usual for the summer synoptic type of floods on the Vltava in Prague. In contrast, in floods of the winter synoptic type, where a substantial role is often played by the simultaneous melting of snow cover across the lowlands and hilly regions of Bohemia, the watershed of the Elbe up to M lník usually has a relatively higher share in the peak discharges at D ín than in the summer type. This was the case in the March 1845 flood, the mark of which on Castle Rock at D ín is 42 cm higher than that for August 2002 (Fig. 8) . The reduction of the peak discharge at D ín by 390 m 3 s -1 , with respect to Prague in August 2002, was also associated with a flattening of the flood wave between M lník and Litom ice due to extensive inundations. This is confirmed by the differences between the relative heights of the floods of March 1845 and August 2002: at M lník the water level during the August flood was even higher by 159 cm, at Roudnice nad Labem by 60 cm, while at D ín it was actually lower on Castle Rock. On the other hand, at Dresden in Germany, the height of the August flood exceeded all floods recorded since the 16th century (in order by year: 2002 year: , 1845 year: , 1784 year: , 1501 year: , 1655 year: , 1890 year: , 1862 year: , 1799 year: , and others -see Schmidt, 2000 . A somewhat different succession of floods is recorded on the newly-discovered 2.8-m-high pillar in the Dresden suburb of Kaditz, where with the levels of the highest floods of 1845, 1501, 1784 and 1799, there also appears a water mark for 22 July 1432 (Kühne, 2005) .
Another reason for the similarity between what were probably the two largest floods of the summer type, 2002 and 1432 in Prague and at D ín, can also be found in a brief description of the course of the weather. According to documentary sources, before the precipitation that lasted several days and caused the flood in July 1432 in Bohemia, there had been a great drought, so that relatively low discharges can be assumed on the middle Elbe. These discharges participated in the flood at D ín only to a small extent. Information about precipitation for September 1118 is lacking, although considerable precipitation, probably lasting several days before the flood, cannot be doubted.
Comparison of individual floods and their water marks over a few centuries is biased by some uncertainty as to the reliability of records as well as natural and anthropogenic changes in the corresponding watersheds. Many of them are difficult to recognize or quantify. For example, from the mid-13th century on, weirs and races for water mills were constructed. Drifting material accumulated above the weirs would have lifted the river bottom and the water level. Many anthropogenic changes, which resulted in narrowing of the river bed, acceleration of streamflow and increase in its direct destructive force, are documented for the Vltava in Prague. Regulation of water courses building in their flood-plain area and construction of water reservoirs are other factors significantly influencing the runoff process. From the 1950s, the construction of water reservoirs started on the Vltava above Prague, known as the "Vltava Cascade". Its effectiveness in the diminution of floods in Prague declines with increasing discharge. For example, due to a combination of several factors acting simultaneously, its effect on peak discharges of the catastrophic August 2002 flood was virtually nullified. Changes in land use related mainly to deforestation/afforestation and agricultural use, which significantly influence catchment saturation patterns are more complicated and difficult to quantify (for more details see Brázdil et al., 2005) .
CONCLUSION
Summarising present knowledge from the analysis of historical and contemporary floods in Bohemia, it appears that the summer rain floods in August 2002, July 1432, and probably also in September 1118, can be considered to be the largest flood disasters in Bohemia for the past 1000 years. They are comparable to the flood on the Elbe of March 1845. The year 1432 was exceptional for its three large floods. Important seasonal changes can also be considered significant in the occurrence of large floods. Disastrous floods of the winter synoptic type predominated from the last part of the 18th century to the year 1862 (i.e. more or less the last stage of the Little Ice Age). However, since that time, disastrous floods in the Czech Republic have been confined to the summer synoptic type (May 1872 , September 1890 , July 1897 , July 1903 , August-September 1938 , July 1997 , August 2002 , due to extreme precipitation in which cyclones of Mediterranean origin participate significantly, moving along the Vb trajectory (see e.g. Štekl et al., 2001) . Analogous information has also been presented by Mudelsee et al. (2003 Mudelsee et al. ( , 2004 in the course of an analysis of large summer floods on the Elbe and the Oder.
The analysis of historical floods that occurred before the beginning of systematic hydrological observations is of considerable practical importance for the study of the risk of large floods. Even very long series of instrumental records, such as for Prague since 1825, need not necessarily be taken as sufficiently representative of the occurrence of disastrous floods and for determining the annual flood regime. Thus, while between 1784 and 1890 there were five floods exceeding Q 100 in Prague, over a longer time span, between 1891 and 2001, not a single one occurred. A similarly long period without disastrous flooding in Prague also prevailed between 1676 and 1783. Furthermore, from 1825 until 2001 on the Vltava in Prague, no flood with a peak discharge higher than Q 50 occurred in the summer months (June-August) and for the Elbe at D ín, even Q 20 was not reached. So, from this long period of systematic observations, it could be erroneously deduced that enormous floods, such as the one of 2002, were not at all likely in the two hydrological profiles in those months.
